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Biology

A 3-dimensional evaluation of wing movement in ground birds during flap-running and
Level Flight: an ontogenetic study
Chair: Dr. Kenneth P. Dial
The science of animal flight requires the quantification of wing movement over a
range of behaviors. Despite numerous studies of avian locomotion, we are only
beginning to grasp the intricacies of flapping flight. Birds create aerodynamic forces by
manipulating the fluid environment of air by beating their wings. The question remains,
how do they perform such a wide range of locomotor behaviors (e.g. takeoff, horizontal,
flap-running) with their forelimbs? We measure a suit of 3-dimensional wing movements
(e.g. angle of attack, stroke angle, frequency, etc.) of chukar partridges (Alectoris chukar)
performing horizontal flapping flight and wing-assisted incline running (WAIR), a
recently documented behavior in which birds use their flapping wings to aerodynamically
push themselves into the substrate permitting bipedal running up steep, textured surfaces.
Surprisingly, the wing stroke of WAIR and horizontal flight are similar relative to gravity
but different in relation to the body. These results suggest that the animal can execute
different locomotor behaviors using a stereotypical wing beat and that the wing-shoulder
joint permits a range of motion for the body orientation that is more plastic than
previously appreciated.
To better understand the versatility of the avian wing, we also studied juvenile
birds as they negotiated their 3-dimensional, terrestrial environment, from a period of
pre-flight to adulthood. Juvenile precocial ground birds flap their developing wings from
the day they hatch in order to attain elevated refuges and to descend safely from heights.
The wing kinematics of pre-flight juveniles employing WAIR and controlled flapping
descent (CFD) compare to those of the adult respectively performing WAIR and flying,
but are awkward and clumsy. The kinematic variables observed can be organized into
two groups (neuromuscular/behavioral, and growth) based on developmental patterns. In
order to survive their vulnerable pre-flight stage, juveniles negotiate their complex
environment by creating aerodynamic forces, conferred by their incipient wings, to flaprun up slopes to safety, and flap down to return to the ground. WAIR and CFD illustrate
the incrementally adaptive uses of the ontogenetically developing wing and may be
reflective of functional transitions during the evolutionary development of avian flight.
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CHAPTER 1:
THREE DIMENSIONAL WING KINEMATICS OF ADULTS PERFORMING WAIR
AND HORIZONTAL FLIGHT

Introduction
The Evolution of Flight and WAIR as an Emerging Theory:
The evolutionary benefits of taking to the air can be seen by the number of
different lineages which have independently evolved flight (birds, bats, insects,
pterosaurs) and by the extensive radiation of extant flying species (~10 000 birds, ~1 000
bats, ~1 000 000 insects) (Norberg, 1990). Flight requires complex mechanical
adaptations, and as such may constrain other morphological and physiological aspects of
the organism, making the transition from a terrestrial to an aerial lifestyle a non-trivial
evolutionary hurdle. Understanding the logical morphological stages of this evolutionary
transformation has proved to be a conundrum since before Darwin’s time.
The debate on the origin of avian flight was recently invigorated by the
suggestion that the arboreal- cursorial dichotomy should be abandoned in favor of
examining the evolution of the flight stroke (Padian 2001). As a result, several recent
attempts have been made to describe flight-stroke evolution using aerodynamic models
(Bergers and Chiappe 1999; Rayner 2001; Long et al. 2003), phylogenetic character
analysis (Garner et al. 1999), and paleontological arguments (Gauthier 1986; Padian and
Chiappe, 1998; Gauthier and de Queiroz 2001). Even these new studies specifically
directed to evaluate the flight-stroke fail to incorporate testable evidence of intermediate,
transitional stages.
1

From a purely aerodynamic perspective the avian flight stroke has been analyzed
within several innovative, albeit, limited capacities. The first detailed kinematic
assessments of the flight stroke were originally used as a cinematographic record of in
vivo physiological performance tests. These studies were mostly concerned with 2dimensional depictions of limb movement, simply because the main purpose was to
coordinate quantities such as frequency and timing of upstroke/downstroke with
measurement of muscle activity and force development (Dial 1992; Dial and Biewener
1993; Tobalske and Dial 1994). Later studies began focusing on the more intricate
details of wing motion during flight and simple 3-dimensional kinematic measurements
were used to estimate wingbeat characteristics such as stroke-plane and wing angles
(Tobalske and Dial 1996; Warrick 1998; Park et al. 2001). Using dorsal, lateral, and
frontal positioned cameras limited these analyses to situations where the bird was
estimated to be moving at perfect right angles to the cameras. Many seminal studies on
bird flight (Tobalske and Dial 1996; Warrick 1998; Park et al. 2001) employed this
method and although robust enough to address many questions, 2-dimensional methods
fall short of providing an accurate, detailed, and complete characterization of the
wingstroke as it occurs in a 3-dimensional space. With the advent of high speed digital
cameras and an application of Hatze’s (1988) Digital Linear Transformation techniques,
several bird flight studies have begun to examine the 3-dimensional wingbeat in its
entirety (e.g. Hedrick et al. 2002; Bundle et al. in prep). These studies have restricted
their focus to birds performing level flapping flight at variable speeds in a windtunnel.
Dial (1992) and Dial and Biewener (1993) identified several modes of flight other than
level flapping (take-off, ascending, descending, and landing) which rely on different

2

timing and recruitment of flight muscles. To date, only take-off flight (Askew et al.
2001) and level flapping flight have been examined in 3-dimensions.
Recently, it has become apparent that that aerial flight (e.g. level flapping,
maneuvering, take-off, ascending, descending, and landing) is not the only
aerodynamically useful function of a bird’s wing. Dial (2003) documented and
quantified a behavior since termed wing-assisted incline running (WAIR) during which
birds use their flapping wings to aerodynamically push themselves into the substrate
permitting bipedal running up steep, textured surfaces. The first studies on WAIR
focused on understanding the primary mechanisms and functional extent of this behavior
through comparative manipulative experiments (e.g. clipping flight feathers, modifying
substrate texture). Dial (2003) recognized a difference between the WAIR and flight
wingbeats: during flight the wing moves in a dorsal-ventral plane while the WAIR
wingbeat is distinguished by its anterior-posterior motion (Fig. 1). Dial and colleagues
(2003, 2006) also showed that substrate traction, as well as wing development, play
crucial roles in the ability to perform WAIR, indicating that the wings function in an
aerodynamic fashion in conjunction with the legs. Bundle and Dial (2003) quantified the
whole body accelerations of chukars engaged in WAIR, directly measuring the forces
produced by the legs with the force plate, and inferring the aerodynamic forces produced
by the wings using accelerometers. To date WAIR has been documented in several
diverse species other than chukars: brush turkeys, ring-necked pheasants, bobwhite and
Japanese quails (Dial et al. 2006), Chilean and elegant crested tinamous (Davis et al., in
prep), pigeons, magpies, nuthatches, and several juvenile passerines. These studies were
essential in showing that WAIR is an aerodynamically useful behavior that is both
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functional and prevalent in modern birds, by employing their flapping wings in a very
different way than other modes of flight (Fig. 1). Additionally, other studies showed that
juveniles are capable of performing WAIR in their pre-flight stages (Dial 2003, Dial et al.
2006), illustrating locomotor function despite underdeveloped, juvenile wings. The
finding that WAIR can be performed with incipient wings and that WAIR performance is
correlated with wing development has prompted the suggestion that wing-assisted
behaviors may have served as the incrementally adaptive behaviors required for the
evolution of flight (Dial 2003, Dial et al. 2006). The WAIR hypothesis for the evolution
of flight not only suggests a function for proto-wings of pre-avian dinosaurs but is the
only theory for the origin of flight which is grounded in rigorous laboratory experiments
(Bundle and Dial 2003) and field observations of extant species.
In an effort to more thoroughly characterize the avian wingstroke we present the
first detailed 3-dimensional wing kinematics of adult chukars performing WAIR at
different inclines and compare them to the kinematics of level flapping flight. We ask the
question: is there a difference between the wingstroke used for WAIR and that for level
flight? We present two hypotheses which each carry their own implications for the
evolution of flight and the paradigm of how bird wings function: Hypothesis (1) There is
a stereotypic wingbeat which can be used for different locomotor activities to perform
different functions. This would suggest that a wingbeat evolved for a specific use can
easily be co-opted for a range of locomotor behaviors. Hypothesis (2) Birds use several
types of wingbeats, each employed differently to perform a range of locomotor behaviors.
This hypothesis suggests that bird wings are more versatile than previously thought.
A thorough knowledge of the versatility and function of the wingstroke is a

4

critical step in understanding the complexity of bird flight. We present a novel approach
to modeling 3-dimensional wing kinematics which has applications for both WAIR and
flight. The 3-D wing and body kinematics of adult chukars represent a baseline to
compare the locomotor performance and kinematics of juvenile birds (Chapter 2), and
will provide a kinematic foundation for future studies of flow visualization, flight
performance, as well as fossil reconstructions, further testing the feasibility of WAIR as a
hypothesis for the origin of flight.

Materials and Methods:
Animal Care and Training:
The chukar partridge (Alectoris chukar) is a ground bird that preferentially uses
WAIR to reach elevated refuges when threatened (Dial 2003; Bundle and Dial 2003; Dial
et al. 2006). Chukars (N = 5, average mass: 592 ± 24g) were obtained from a commercial
breeder and were housed in outdoor aviaries at the Fort Missoula Research Station of the
University of Montana. All the experimental procedures have been approved by the
University of Montana Institutional Animal Care and Use Committee (IACUC: protocol
# 016-03KDDBS-010104).
Three individuals were trained to run to an elevated perch via a ramp covered
with coarse sandpaper (36 grit) and inclined at 65º, 70º, 80º, and 90º to horizontal. The
training served to familiarize the birds with the experimental environment as well as to
maintain a consistent level of performance and fitness, even though the birds were
capable of performing WAIR without training. At ramp angles lower than 60º chukars
did not recruit their wings to ascend inclines but simply ran up the ramp with their wings

5

folded against their body. At 60º chukars facultatively recruited their wings. Chukars
obligately recruited their wings at 65º and higher, and had difficulty ascending greater
than 90º, thus our analysis is limited to inclines from 65º to 90º.

Data Acquisition:
The right wing was marked using tabs (5 mm x 5 mm) of reflective tape (3M,
part # 8850) on the dorsal and ventral surfaces at 6 locations: the shoulder, the wrist, the
9th primary (tip), the 4th primary, the 1st secondary, and the longest tertiary. Additional
markers were placed on the head and the rump, between the acetabulum along synsacrum
midline. The wing was modeled as two independent planes: the arm-wing consisted of
the plane bounded by the shoulder, wrist, secondary, and tertiary markers, while the
hand-wing consisted of the wrist, tip, 4th primary, and secondary markers (Fig. 2).
The runs were videotaped using four high-speed (250 fps) video cameras (two
Redlake Motionscope PCI, Redlake MASD and two Troubleshooter HR, Fastec Imaging)
positioned around the ramp (Fig 2). The four camera views were digitized using Ariel
Performance Analysis System software (APAS, Ariel Dynamics Inc., CA) to obtain three
dimensional coordinates for each of the markers through Direct Linear Transformation
(Hatze 1988). Our calibration frame changed depending on the ramp angle (average: 24
points, 0.68m^3 area), and for flight (30 points, 0.864 m^3). The coordinates were
smoothed with a quintic spline in APAS and exported to Microsoft Excel (Microsoft
Corp. 2003) for analysis.
A dynamic calibration was performed using a stiff cardboard cut-out with
reflective markers to simulate the size, shape, and markings on a fully extended chukar
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wing. The cardboard wing was moved by hand in the 3-dimensionally calibrated space,
filmed, digitized, and the data processed following the protocol for live birds. On
average, the digitized distances between points were accurate to within 5% of the known
distances (Table 1). The dynamic calibration provides the minimum error, since it used a
rigid wing without feathers to obfuscate the markers and, therefore, we can expect
measurement error to be slightly higher for live birds.

Kinematic Landmarks of the Wingbeat:
We used mathematical measurements based on the 3-dimensional reconstruction
of the wing to determine landmark positions of the wingbeat. The beginning of
downstroke was the first point in the stroke where the elevated wingtip begins its
downward motion towards the body axis. The end of downstroke was the point where
the lowered wrist begins its upward motion towards the body axis. Although previous
studies (Tobalske Dial 2000, Dial et al. 1988) focusing on the timing and activation of the
wingstroke muscles used the motion of the wrist as an indicator of physiological
downstroke, we used the motion of the tip. After the wrist begins its downstroke, the
hand-wing, which comprises the bulk of the wing length and area, is still in upstroke. By
using the tip to delineate the start of downstroke we assured that the entire wing was
aerodynamically in downstroke. For most wingbeats the start of downstroke as defined
by the wrist and the tip were synchronous. When there was a difference it had little effect
on the kinematic measurements of angles and velocities, because the hand-wing had
slowed and was undergoing tip reversal. Only the duration of downstroke was
significantly affected by our decision to use the tip to determine downstroke initiation,
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therefore the numbers we present are generally a smaller percentage of the total wingbeat
than those reported by other studies (Tobalske and Dial 2000). We report the wingbeat
frequency as well as the percentage of time spent in downstroke.
The downstroke was divided into time-based thirds, and we will refer to them as
start downstroke (SDS), middle downstroke (MDS), and end downstroke (EDS). For
most of our kinematic parameters we averaged the instantaneous measurements over the
course of SDS, MDS, and EDS. For parameters which did not change across SDS, MDS,
and EDS we report the average over the entire downstroke. In order to draw comparisons
with the methods used in previous 2-D studies we used instantaneous measurements
taken at the start of MDS and during the frame where the wing was at its maximum
lateral extension.

2-Dimensional Analysis:
For comparison to previous kinematic work on WAIR (Bundle and Dial 2003,
Dial et al. 2006, Davis et al. in prep) and in order to justify the use of 3-D kinematics in
this study, we also analyzed the wingbeat kinematics using only the laterally placed
camera. To identify the effects of parallax wing markers were digitized at two parts of
the wingbeat: when the wing was at maximum lateral extension towards the camera, and
at 33% of the duration of downstroke (start of MDS). A single individual was recorded
at four angles (65º, 70º, 80º, 90º) providing a total of 19 wingbeats. The 2-D stroke plane
was determined by taking the vector between the position of the wingtip for the frames
previous to, and following the desired frame. The 2-D stroke angle was defined as the
angle between the stroke plane and the ground, and the 2-D wing plane angle as the angle
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between the ground and a vector drawn between the leading and trailing edges of the
hand-wing. We report the average difference between each wingbeat calculated in 2-D
and its corresponding measurement in 3-D.

3-Dimensional Analysis:
In each video frame 3-D vectors were created between pairs of neighboring points
using the coordinates derived from the DLT. These vectors will be referred to as starting
marker-ending marker (e.g. shoulder-wrist is the vector drawn from the shoulder to the
wrist). We used two frames of reference to calculate 3-D coordinates. (1) Global frame
of reference: how an external observer would view the event, here the Y-axis is aligned to
the direction of gravity, the X-axis parallel to the horizontal direction of travel, and the Zaxis perpendicular to the horizontal direction of travel. (2) Vertebral body axis frame of
reference: presents the wingstroke relative to the bird’s body: the X-axis lies along the
head-rump vector.

Wing Plane Vector (WPV) and Stroke Plane Vector (SPV):
We introduce two new kinematic measurements to assist in interpreting the 3-D
topography and complex motion of the wing surface: the Wing Plane Vector (WPV) and
the Stroke Plane Vector (SPV). We defined the arm-wing WPV as the vector crossproduct of the wrist-shoulder vector and wrist-secondary vector with the convention that
the WPV is positive when directed towards the dorsal surface of the wing. The handwing WPV was calculated in a similar manner using the cross product of the tip-wrist and
wrist-secondary vectors. The WPV measurement converts the area and aspect of the
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plane of the wing into a 3-D unit vector, which can be traced through the course of a
wingbeat to describe the kinematics of the wing (Fig. 2).
We defined the arm-wing Stroke Plane Vector (SPV) as the vector cross-product
of the shoulder-wrist vector and the vector between wrist positions in two consecutive
frames, after accounting for the movement of the body. The hand-wing SPV is the wristtip vector crossed with the change in tip position (Fig. 5). The SPV measurement uses a
3-D unit vector to describe the plane bounded by the leading edge of the wing in
consecutive frames (Fig. 2). The WPV and SPV maintain the 3-D complexity of the
movement of the wing and allow the entire wingbeat to be separated into discrete sections
that can be analyzed and compared individually.

Kinematic Measurements: Many of our kinematic measurements required
manipulation and transformation of the WPV and SPV. First, we controlled for the yaw
by rotating the body axis of the bird to align with a vertical plane running through the x
and y-axes. This frame of reference preserves information about the orientation of the
kinematic vectors relative to the ground, and we used it to calculate the majority of our
kinematic variables. The body angle is the angle between the head-rump vector and the
x-axis. The global stroke angle is the angle between a vector orthogonal to the x-y
components of the SPV and the x-axis. Assuming the wings function in a symmetrical
manner any effects in the z direction will be counteracted by an equal and opposite force
produced by the left wing and the only important stroke angle effects occur in the x-y
dimensions. We calculated the global stroke angle for the arm-wing and hand-wing and
averaged them weighted by relative surface area of the wing segments. The global wing
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angle was calculated by taking the angle between the WPV and the vector defined as the
vector cross product of the x-axis and the leading edge of the wing. This creates a plane
that is hinged at the shoulder and rotates following the path of the wing, with the hinged
edge parallel to the x-axis. The global wing angle is the angle between the wing and this
plane (Fig. 2). We calculated the arm-wing and hand-wing global wing angles and
combined them using an average weighted by surface area. We calculated stroke
amplitude by measuring the 3-D angle swept out by the leading edge of the wing during
downstroke. The angular velocity is the amplitude divided by the time. We calculated
the dynamic surface area of the wing at the different segments of downstroke, but in
order to account for differences in body size we report the dynamic wing loading: surface
area divided by mass. We doubled our dynamic wing loading measurements to account
for the entire surface area of both wings.
To understand how the wing moves relative to the body we performed a second
transformation, aligning the head-rump vector with the x-axis; this is described as the
vertebral frame of reference (Gatsey and Baier, 2005). We used this frame of reference
to determine the timing of the initiation and end of downstroke, as well as to calculate the
vertebral stroke angle and vertebral wing angle. The vertebral stroke angles and vertebral
wing angles are calculated in the same way as the stroke angle and wing angle,
respectively, but they are used to describe the path and the angle of the wing relative to
the body axis.
We report the angle of attack as the angle between the 3-D, non-transformed
WPV and the 3-D incoming velocity vector seen by the wing. The incoming velocity is
the vector sum of the body and wing velocities; if the air is still, there are no effects of
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wind speed. This measure does not take into account induced velocity in front of the
wing’s leading edge, and therefore cannot be used to estimate the absolute magnitude of
the aerodynamic forces produced. Assuming that the induced velocity is an intrinsic
property of the wing- as suggested by theory and by preliminary DPIV studies (Tobalske
and Dial, in prep) - this measure can be used to draw comparative conclusions between
individuals and ramp angles. We focused on the distal angle of attack, since the distal
wing has both a higher velocity as well as a larger surface area than the proximal wing
and therefore has a stronger aerodynamic effect (Hedrick et al., 2002).

Statistical Analysis: Three individuals were recorded at each ramp angle, and 4-10
wingbeats were obtained from each recording. In addition, three individuals (two of
which were not used in the WAIR recordings) were flown horizontally with 4-5 usable
wingbeats per recording. We analyzed a total of 76 WAIR and 15 flight wingbeats. The
kinematic measurements for each individual at each ramp angle/flight (treatment) were
averaged to obtain an individual mean and standard error of the mean (SEM). The
individual means were averaged to obtain a treatment mean ± SEM. The graphs
presented consist of the treatment mean with the error bars reflecting the SEM between
individuals. We will refer to the treatment mean ± SEM.
To test the effects between treatments we used a two way mixed-model Analysis
of Variance (ANOVA) with treatment (fixed), individual (random), and
individual*treatment (random) factors. Statistical analysis was performed using SPSS
(v12, SPSS Inc.) and graphs were made with Excel.
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Results:
2-D Reconstruction:
Comparison of 2-D and 3-D Measures: Our comparison suggests that the
corresponding 2-D measurements used previously are only valid to characterize function
at specific times during the downstroke (Table 1). The 2-D stroke angle and wing angle
measurements agree with the 3-D measurements when the wing is at maximum lateral
extension (∆ < 7º), but do not agree when they are measured at a time-based landmark of
the wingbeat (∆ > 20º at 33% downstroke). This highlights several reasons to make the
transition to using 3-D measurements: 1) the wingbeat is a complex 3-dimensional stroke
which is oversimplified by digitizing in two dimensions. 2) 2-D measurements taken
from a single lateral camera are subject to parallax that occurs A) when there is an
alteration in the yaw of the body axis, B) the wing pivots around the shoulder and
therefore has a component of its motion (in the z-axis) which cannot be detected by a
single lateral camera, and C) as the bird moves across the field of view. These parallaxes
are resolved by adding additional cameras and visualizing the motion of the wing in 3-D,
which allows the viewer to define the axes and adjust the measurements. 3) Certain 2dimensional calculations such as the wing angle are constrained to the time when the
wing is orthogonal to the camera, even though this is an artificial construct of the
experimental setup and not necessarily a consistent landmark in the wingbeat. Using 3-D
measurements we can track these angles across the entire downstroke and compare
measurements during kinematically similar times. 4) Using 3-D measurements gives the
ability to calculate true 3-D angles, such as amplitude, wing angle, and angle of attack,
instead of the projections of these angles in a 2-D plane.
13

Wingbeat Kinematics:
Wingbeat frequency and body velocity serve as indicators of effort and
motivational level. The frequency (Fig. 3a) increased at steeper incline angles, from 13.7
± 0.3 Hz at 65º to 16.7 ± 1.1 Hz at 90º (p = .028) which was similar to the frequency
during low speed flight (16.3 ± 0.7 Hz; p = 0.734). While the wingbeat frequency
increased, the percentage of time spent in downstroke (Fig. 3b) remained constant (65º:
44 ± 1 %; 90º: 39 ± 2 %; flight: 42 ± 2 %; p = 0.066). Body velocity (Fig. 3c) averaged
over MDS was conserved across different angles of WAIR (65º: 148 ± 19 cm/sec; 90º:
134 ± 28 cm/sec; p = 0.714), however, it was significantly lower than the body velocity
during flight (389 ± 34 cm/sec; p < 0.000).
During WAIR the body axis oscillates dorso-ventrally as the legs and wings apply
opposing torques around the center of mass (Fig 4f). The body angle (Fig. 3d) relative to
the ground, during MDS, increases slightly as the ramp steepens from 65º (body angle =
51 ± 3º) to 90º (body angle = 62 ± 7º; p = 0.007). This contrasts to the 22 ± 4º body angle
maintained steady during flight (p < 0.000).
Stroke amplitude (Fig. 3e) remains constant across WAIR ramp angles and flight
(65º: 147 ± 6º; 90º: 140 ± 5; flight: 155 ± 10º; p = 0.237). The angular velocity (Fig. 3f)
of the wing increases as the ramp steepens from 70º (4477 ± 29 deg*s^-1) to 90º (5940 ±
173 deg*s^-1, p = 0.002). The angular velocity of the wing during flight is similar to that
of 90º WAIR (flight: 6018 ± 212 deg*s^-1, p = 0.864). The dynamic wing loading (Fig.
3g) does not change across SDS, MDS, and EDS, and the average remains the same
across different ramp angles and flight (65º: 1.58 ± 0.17 cm^2/g; 90º: 1.52 ± 0.03
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cm^2/g; flight: 2.01 ± 0.21 cm^2/g; p = 0.204).

Global Stroke Angle and Vertebral Stroke Angle: The global stroke angle changes
during the course of a single wingbeat (Fig. 4a). When the wingbeat is broken down into
SDS, MDS, and EDS the global stroke angle at each interval remains constant across
WAIR ramp angles. The global stroke angle during flight is similar to that of WAIR. The
global stroke angle at SDS remains constant across ramp angles (65º: -63 ± 3º; 90º: -58 ±
6º; p = 0.124) and is not significantly different than that of flight, 57º ± 7 (p = 0.398). The
global stroke angle during MDS remains constant for WAIR and Flight (65º: -69 ± 1º;
90º: -58 ± 6º; flight: -61 ± 11º; p = 0.398). The global stroke angle at EDS remains
conserved across ramp angles (65º: -46 ± 3º; 90º: -45 ± 20º; p = 0.836) and has a much
higher variation than the other intervals of the wingstroke. This is not significantly
different (p = 0.654) than the EDS stroke angle during flight (-66 ± 15º). The first two
thirds of downstroke are similar across WAIR and flight, even though they can vary
slightly based on ramp angle. The final third of downstroke is much more variable, with
the result that the downstroke of WAIR at any angle takes on a slightly concave shape
while that of flight is slightly convex, relative to the direction of motion.
Because the body angle changes significantly between WAIR and flight, and the
global stroke angle remains relatively conserved, the path of the wingtip from the
perspective of the body axis varies considerably between WAIR and flight (Fig. 4d).
Although there is slight variation in body angle and in global stroke angle during WAIR
the vertebral stroke angle is completely conserved for the different segments of
downstroke across all angles of WAIR (SDS- 65º: -116 ± 1º, SDS-90º: -120 ± 11º; p =
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0.83; MDS- 65º: -121 ± 1º; MDS- 90º: -120 ± 9º; p = 0.608; EDS- 65º: -81 ± 3º; EDS90º: -100 ± 12º; p = 0.957). These are significantly different than the values for flight
(SDS: -79 ± 5º, p = 0.012; MDS: -83±9º, p = 0.025). The only portion of the vertebral
stroke angle which remains conserved between WAIR and Flight is during EDS (flight: 88 ± 13º, p = 0.971). While the WAIR vertebral stroke angle has both dorsal-to-ventral
and anterior-to-posterior compontents, the flight stroke moves primarily in a dorsoventral plane and sweeps slightly anteriorly during EDS.

Global Wing Angle and Vertebral Wing Angle: The global wing angle increases
across downstroke (Fig. 4b). It starts with a negative angle, directed into the ground, and
over the course of the cycle the wing supinates to assume a positive angle by the end of
the stroke. Relative to the ground, the global wing angle at different downstroke intervals
remains conserved across all angles of WAIR and flight (SDS-65º: -30 ± 7º; SDS-90º: 36 ± 5º; SDS-flight: -19 ± 9º; p = 0.514; MDS-65º: -7 ± 6º; MDS-90º: -6 ± 2º; MDSflight: -1 ± 7º; p = 0.481; EDS-65º: 25 ± 4º; EDS-90º: 17 ± 6º; EDS-flight: 30 ± 10º; p =
0.492).
The body angle differences between WAIR and flight also translate to the patterns
observed in the vertebral wing angle (Fig. 4e). The basic pattern is kept constant for all
angles of WAIR: the wing is kept pronated almost orthogonally to the body axis,
supinating slightly during EDS (SDS-65º: -55 ± 7º; SDS-90º: -73 ± 6º; p = 0.128; MDS65º: -60 ± 4º; MDS-90º: -72 ± 5º; p= 0.059; EDS-65º: -26 ± 2º; EDS-90º: -37 ± 4º; p =
0.725). This is significantly different than the vertebral wing angle for flight, where the
wing starts the downstroke slightly pronated to the body axis, supinating during
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downstroke to attain a positive angle by the end of downstroke (SDS: -34 ± 6º; p = 0.012;
MDS: -24 ± 3º; p= 0.000 ; EDS: 10 ± 6º; p = 0.001).

Angle of Attack: Since the distal angle of attack changes constantly during a
wingbeat (Fig. 4f) but the range remains highly conserved (min: 40 ± 11º to max: 64 ±
6º), for comparative purposes we present the average angle of attack across the whole
downstroke. The averaged distal angle of attack (Fig. 3h) stays constant between all
angles of WAIR and flight (65º: 59 ± 2º; 90º: 54 ± 3º; flight: 48 ± 3º; p = 0.133).

Discussion:
The most important findings from this study are: (1) kinematic elements of the
WAIR stroke are conserved regardless of the incline angle the bird is ascending, (2)
relative to the ground or gravity the elements of the wingstroke remain conserved
between WAIR and flight, even though the bird is traveling in different directions, and
(3) to maintain a consistent wingstroke relative to gravity (as referenced by the ground),
the bird’s body axis rotates around the shoulder- illustrating the functional plasticity of
the wing-shoulder joint.

Wingbeat Kinematics:
1) Similar wing kinematics during all angles of WAIR: The WAIR stroke angles
and wing angles remain consistent across all ramp incline angles. Whether observed
from the global or vertebral frame of reference, the stroke angles and the wing angles are
conserved (Fig. 4). In addition, the dynamic wing loading and the amplitude do not

17

change significantly with increasing ramp angles (Figs. 3g,e). The only parameters that
change significantly as the ramp gets steeper are an increase in wingbeat frequency and
angular velocity of the distal wing (Figs. 3a,f), although the proportion of time spent in
downstroke remains constant (Fig. 3b).
These results suggest that there is a single type of WAIR stroke used when
ascending inclines and that this stroke remains consistent relative to both gravity and to
the body axis of the bird. The frequency and velocity of this stroke increase with steeper
ramp angles indicating an increased effort required while using dynamically similar
wingstrokes. Our results agree with the 2-D patterns of stroke angle and body angle
presented by Dial et al., (2006) and the patterns of stroke angle and wing angle presented
by Davis et al. (in prep).

2) External similarities between WAIR and Flight: The WAIR stroke and the
horizontal flight stroke are almost identical from an external frame of reference. The
global stroke angles and global wing angles in flight remain consistent with the angles
produced by the wingbeat of a bird performing WAIR, regardless of how steep the ramp
is inclined. Likewise, the proportion of time spent in downstroke, amplitude, dynamic
wing loading, and angle of attack are maintained at a similar level during flight and
WAIR (Figs. 3b,e,h). The wingbeat frequency and angular velocity of the flight stroke
are comparable to those of 90º WAIR (Figs. 3a,f).
These similarities between WAIR and flight support our first hypothesis, implying
that a simple stroke model is used to accomplish a wide range of locomotor behaviors.
This result is surprising: several studies dealing with the mechanics of flight have found
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that slightly altering certain controllable parameters causes dramatic changes in the
wingstroke (surface area: Bundle and Dial, in prep; angle of attack: Hedrick et al., 2002;
stroke angle: Tobalske and Dial, 1996; wing angle has not yet been documented). Yet,
our results show that two completely different behaviors (WAIR and horizontal flight)
can be performed by a generalized type of wingstroke. The difference is that these
previous studies only altered the flight velocity, using a variable speed windtunnel. In
our experiments, the birds were allowed to choose their preferred velocity, and in all
cases their speed was comparable to the slowest flight speed measured in these other
studies (< 1 m sec-1). This begs the question, what is the mechanism used to maintain a
constant wingbeat across all angles of WAIR and slow horizontal flight? It is clearly not
based on visual cues or the incoming airflow over the head, since this would cause the
kinematics to respond to changes in ramp inclination. We theorize that it may be caused
by the vestibular system reacting to gravity, a cue that birds are known to use (Warrick et
al., 2002). The result is a stereotypical wingbeat used for both WAIR at all ramp angles
and slow flight.

3) Internal Differences between WAIR and Flight: Relative to the vertebral body
axis there are significant differences between the WAIR and the horizontal flight stroke.
While the WAIR vertebral stroke angle has both dorsal-ventral and anterior-posterior
components, the flight stroke moves primarily dorsal-to-ventral (Fig. 4d). Likewise, the
wing angle is kept pronated almost orthogonally to the body during WAIR, while in
flight the wing is oriented nearly parallel to the body axis (Fig. 4e).
The mechanism that drives this difference is the change in body axis orientation,
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which serves different functions in WAIR and horizontal flight. In flight the body is
oriented to reduce drag and/or create lift (Tobalske et al., 1999) and is kept at ~ 20º,
while during WAIR the body is used to stick the legs to the substrate and run upwards,
and therefore is maintained at ~60º. In addition, during flight the body is relatively still
(Tobalske and Dial 1996), while during WAIR the combination of the legs and wings
causes the body axis to oscillate around the center of mass (Fig 4c). In spite of these
different functions, the stereotypical global wingstroke must be maintained. The result is
that the bird operates its wings using different motions relative to its body, while
performing WAIR and flying, illustrating the plasticity of the shoulder joint. It has been
suggested that the glenoid orientation of modern birds limits the range of motion of the
wings to the dorsal-ventral plane (Jenkins, 1993). However, our results show that birds
performing WAIR can move their wings, at least partially, in the anterior-posterior plane
as well. There are surely limitations on the extent that they can perform this range of
motion and this likely has an effect on the maximum angle of WAIR the bird can
perform: when the angle is too steep the body is forced backwards so far that the wing
cannot maintain the stereotypical wingbeat. These results validate many of the previous
qualitative and kinematic descriptions of WAIR as having a primarily anterior-toposterior stroke (Dial 2003, Bundle and Dial 2003, Dial et al. 2006), and give us evidence
of a strong intrinsic difference between the way birds operate their wings during WAIR
and horizontal flight (hypothesis #2).

Magnitude and Direction of Aerodynamic Forces:
Aerodynamic lift produced by a flapping wing is a complex product of wing
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kinematics coupled with the velocity of the air flowing over the airfoil. This velocity is
the vector sum of the forward velocity of the bird, the wing velocity during the stroke,
and the induced velocity, which is the velocity imparted to the air by the wings
(Pennycuik 1975, Norberg 1990). While it is possible to directly calculate the first two
via wing kinematics the induced velocity cannot be measured by kinematics alone.
Several previous analyses have devised creative ways to estimate the induced velocity
component based on whole body accelerations and force diagrams (Sane 2004a, Hedrick
2002, Wakeling and Ellington 1997, Azuma 1992) however this is not practical for a bird
performing WAIR because such models cannot account for the forces produced by the
legs. The only direct method of measuring induced velocity is with particle imaging
analysis (Spedding 2002, Tobalske 2005). To date these analyses can only provide a
snapshot of the induced velocity, and therefore the next step is to integrate them with
aerodynamic theory to understand how induced velocity changes during the wingbeat
cycle (Sane 2004a, b). Since calculating the magnitude and direction of the aerodynamic
forces produced by flapping wings requires knowing the induced velocity, it is beyond
the scope of this work. However, based on relevant indexes such as the stroke angle,
wing angle, angle of attack, and wing velocity, we can make relative comparisons
between the estimated magnitude and direction of the aerodynamic forces produced at
different angles of WAIR and during flight.
The direction of aerodynamic force is orthogonal to the incoming air: a
combination of stroke angle, whole body velocity, and induced velocity (Pennycuick
1975, Norberg 1990, Hedrick 2002). In the case of both WAIR and slow flapping flight
the stroke angle dictates the direction of the incoming air, because the whole body
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velocity is relatively negligible (Hedrick et al. 2002), and since the stroke and the wing
have similar properties during these behaviors we can make the assumption that the
induced velocity will remain similar. Due to the similarity in stroke angle across all
angles of WAIR and during slow flapping flight we can reason that the direction of the
resultant forces are similar, relative to gravity. During level flapping flight the
aerodynamic force must be oriented at an angle between horizontal and vertical, in order
for the bird to be able to support its weight against gravity and to move forward. During
WAIR a similar flight stroke is used to produce a similar orientation of aerodynamic
force, however instead of moving horizontally, the bird uses its wingbeat to push itself up
and into the ramp, while using its legs to assist moving its body vertically.
The magnitude of the aerodynamic forces produced by the wings is dependent on
the coefficient of lift and the square of the incoming velocity. Both of these measures
rely on the induced velocity, which we cannot measure, however if we consider each of
these components separately we can make relative judgments on the magnitude of the
forces produced between different angles of WAIR and flight. The coefficient of lift is
based on the angle of incidence, which is the 3-D angle between the incoming velocity
and the wing. If we assume the induced velocity to be the same for a given wing during a
downstroke, we can use the angle of attack as an index of the angle of incidence. Since
the angle of attack remains constant (p = 0.13) the angle of incidence, and therefore the
coefficient of lift, remains constant during different angles of WAIR and Flight. This
suggests that the bird is probably optimizing its coefficient of lift to obtain the most
aerodynamic benefits. The magnitude of the aerodynamic force also depends on the
square of the incoming velocity. We have measured only one component of the air

22

velocity over the wing (movement of the leading edge of the wing), however this
kinematic velocity may serve as an index of the aerodynamic force. The kinematic
angular velocity (without the induced component) increases with ramp angle as the bird
ascends steeper inclines, but is similar between flight and 90º WAIR. Assuming the
induced velocity is either proportional to the kinematic velocity or a constant this trend
suggests that aerodynamic force increases with increasing ramp angles and converges on
a similar, possibly maximal value, for flight and WAIR at 90º.

Conclusions:
In a comparison of the WAIR and horizontal flight strokes, our results yielded
several unexpected patterns of wing movement, supporting elements of both of our
hypotheses. Based on our kinematic assessments, the flight and WAIR strokes function
in similar manners with respect to how they affect the air and work against gravity.
Maintaining this similarity in wingstroke requires an intricate interplay between the
vestibular system reacting to gravity, and the proprioreceptors responding to physical
deformation in the bones, muscles, and tendons of the wings (Warrick et al., 2002). Our
results suggest that by rotating the body axis the animal can execute very different
locomotor behaviors using a stereotypical wingbeat (Fig. 5a). In addition to WAIR and
horizontal flight birds are capable of performing a wide range of flapping locomotor
behaviors (e.g. takeoff, ascending, descending, and landing), each accompanied by its
own specific wing kinematics and body angle orientation (Fig. 5b,c. Jackson,
unpublished data). These results also suggest that a wingbeat evolved and refined for a
non traditional aerodynamic behavior (such as WAIR) can be applied to flight with little
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modification- or vice versa. Of course, adult chukars are already neuromuscularly and
behaviorally capable of flapping flight; this underscores the importance of examining the
characteristics of both WAIR and flight in juvenile birds while their neuromuscular
systems develop, as the way to answer questions about the evolutionary transitions to
avian flight (Chapter 2). When the WAIR and flight strokes are examined in relation to
the body it is clear that the wings are moving in a different manner (Fig. 1a) - thus
supporting elements of our second hypotheses. This similarity leads us to believe that the
resultant aerodynamic forces are oriented in the same direction: pushing the bird upwards
and forwards. In flight, the result of these forces is intuitive as the bird maintains its
altitude against gravity while moving horizontally; in WAIR these same aerodynamic
forces also support the bird against gravity, but there is a slope which stops the bird from
moving horizontally. Instead, the bird uses its legs to exploit the increased traction
gained by being pushed into the substrate and is able to bipedally ascend the incline (Fig.
1b). Viewed from the perspective of the longitudinal body axis, the WAIR stroke has a
distinct anterior-posterior component and the wing is kept pronated almost orthogonally,
both of which are not characteristics of the flight stroke. Our findings suggest that the
shoulder joint is functionally more plastic and able to achieve a wider range of motion
than previously appreciated by its morphology.
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Figure Legends
Fig. 1a) The WAIR (red) and flight (blue) strokes have different paths when viewed from
the body’s frame of reference.

Fig. 1b) The aerodynamic forces produced by the wings (blue) are oriented in the same
direction even though the body is moving in different directions (red) during WAIR and
flight. This illustrates how a stereotypical wingbeat can accomplish different functions.

Fig. 2) The bird was run on a variable angle ramp and filmed with four internally
synchronized high speed video cameras. 3-D kinematics were obtained through direct
linear transformation. The wing is shown at two instances (b), during the start of
downstroke and the middle of downstroke. Anatomical landmarks (white) were marked
with reflective tape: head (hd), rump (rp), shoulder (sh, wrist (wr), tip (tp), first primary
(fp), first secondary (fs), and longest tertiary (tr). The 2-Dimensional Projections of the
WPV (blue-arrow) and SPV (red-arrow) are shown, and the calculations for Body Angle
(BA), Wing Angle (WA), and Stroke Angle (SA) are shown.

Fig. 3) Kinematic averages for birds performing WAIR at 65º, 70º, 80º, 90º and in slow
flapping flight. Each point represents mean ± SEM of three individuals, each averaged
over multiple wingbeats (N=91 total).

Fig. 4) The stroke angles (a) and wing angles (b) presented relative to the ground
(global). These two measurements combine to give the angle of attack (c). The angle of
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attack cycles while the wing is flapping, but the timing and patterns remain consistent in
both WAIR and flight over the course of a single wingbeat. This suggests that
aerodynamically the wing is functioning in the same way during WAIR and flight. When
observed from the frame of reference of the body (vertebral) the stroke angles (d) and
wing angles (e) operate very differently in WAIR and in flight. This is caused by
differences in the body angle which, during WAIR is kept at a steeper angle and
fluctuates more than that of a bird in flight (f). The timing of left and right footfalls are
shown for WAIR (green lines) and the timing of downstroke is shown (blue and red
lines).

Fig. 6a) The WAIR (red) and flight (blue) strokes have similar paths when viewed from
the ground frame of reference. The body angle is different between WAIR (red bars) and
flight (blue bars) and therefore the shoulder demonstrates remarkable plasticity in
assuring that the stroke remains consistent relative to the air. B,c) Birds are capable of a
large range of body orientations while performing different behaviors (ie: descending,
level, takeoff, WAIR). In the behaviors we have studied (red and blue) the wingstroke
remains the same regardless of the body orientation. It is possible that the wingstroke is
retained relative to the air in several of these other behaviors as well.
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Table 1
Average difference between 2-D and 3-D values (degrees)
Maximum Lateral Extension

Start of MDS

5.99 ± 0.4
6.37 ± 0.3

12.7 ± 0.5
22.3 ± 1.0

Wing Angle
Stroke Angle
N = 19 Wingbeats
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CHAPTER 2:
THE ONTOGENY OF WING KINEMATICS IN DEVELOPING GROUND BIRDS

Introduction:
Before reaching the mature locomotor abilities exhibited by adults, juvenile
animals necessarily pass through a vulnerable period as they develop coordination and
adult dimensions. During this time juveniles experience high mortality from predation,
starvation, as well as the inability to cope with the vagaries of a stochastic environment
(Sullivan, 1989; Moore, 1989; Laurenson et al., 1995; Lassig, 1983; Sumich and Harvey,
1986). These challenges are often magnified by the limited capacities of the developing
locomotor system, placing the juveniles at a performance disadvantage compared to the
adults (Hill, 1950; Carrier, 1996; Herrel and Gibb, 2006). Of the few studies on the
ontogenetic locomotor performance (for a review see Herrel and Gibb, 2006), there
appear to be physiological and behavioral strategies used to 'level the playing field.'
During development many organisms including fish (Dominici and Blake 1997), lizards
(Garland 1984, Marsh 1988, Toro et al. 2003), as well as several mammals (guinea pigs:
Trillmich et. al, 2003; jackrabbits: Carrier 1983, 1995; humans: ) alter their body
proportions (e.g., moment arms, posture, musculature, etc.) during ontogeny in order to
effectively optimize locomotor capabilities. Although certain locomotor parameters are
strictly size dependent (e.g., top speed, distance, and stamina), juveniles of many species
compensate by modifying their allometric proportions to attain accelerations and sprint
speeds comparable to those of the adults. Other organisms modify their behavior in order
to compensate for reduced juvenile locomotor capabilities (Irshick, 2000; Irshick and
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Lailvaux, 2006). Flight is one of the most successful locomotor strategies, yet it requires
complex morphological commitments that channel adaptations as well as a steep learning
curve with a narrow margin for error. However, there have only been a few studies on
the ontogeny of vertebrate flight performance (Powers et. al., 1991; Provine, 1984; Dial,
2003; Dial et al., 2006) which focus mostly on morphometrics and physiology. The
complexity of flight kinematics and the misleading characterization of aerial flight as an
“all or nothing” phenomenon have precluded quantitative studies on the developmental
performance of vertebrate flight.
Most flying organisms develop their flight capability within a very narrow
window of time, making the ontogeny of this locomotor behavior difficult to document.
However, birds present a good opportunity for studying the ontogenetic development of
flight because their life history strategies run the gamut of the altricial-precocial spectrum
(Starck and Ricklefs, 1998; Dial, 2003b). The vast majority of birds are highly altricial,
requiring extreme parental care and a long period of developmental growth punctuated by
the rapid onset of locomotor skills. At the other end of the spectrum, highly precocial
birds do not have the luxury of extended parental care or a controlled environment.
These birds must be able to find food and escape predation in their three-dimensional,
terrestrial environment, alone and without the full locomotor capabilities of the adult.
While altricial birds demonstrate a rapid attainment of adult locomotor abilities once they
are ready to leave the nest, precocial birds have a long period of incremental development
where they must effectively transition from a ground dwelling organism to an aerial one.
Several studies have suggested that the selective pressure driving evolutionary change
operates very strongly on the juvenile form (Carrier 1996, Herrel and Gibb 2006) and that
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strategies used by extant species during transitional ontogenetic phases may be similar to
the strategies used by their ancestors across transitional evolutionary phases (Dial, 2003).
Examining how precocial juveniles successfully cope with this transitional period can
give us insight to the evolution of avian flight from a terrestrial, cursorial theropod to
modern flighted birds.
The assumption has long been that developing wings do not have an aerodynamic
or locomotor function (Feduccia, 1996). The recent discovery of wing assisted incline
running (WAIR), documented in both altricial and precocial species (unpublished data)
has demonstrated that incremental stages of incipient wings have useful, locomotor
functions when functioning in concert with the legs (Dial 2003, Bundle and Dial 2003).
Dial et al. (2006) studied the ontogenetic locomotor performance of juvenile chukar
partridges (Alectoris chukar) by measuring ability levels (maximum horizontal flight,
maximum vertical flight, maximum WAIR angles) and presented basic 2D wing
kinematics. They identified several performance landmarks, ages when the birds show a
punctuated advancement in locomotor abilities (Fig. 1). The two most notable are the
attainment of basic wing function and the rudiments of horizontal flight (~ 8 days posthatching), and the attainment of vertical and sustained horizontal flight (~ 20 days posthatching). Since wings function in a 3-D fluid environment, our goal in this study was to
understand how the 3-D kinematic parameters combine during ontogeny to produce the
timing behind these locomotor performance landmarks. Here we focus on a range of
juvenile locomotor wing use: 1) WAIR, which is employed by juvenile birds to attain
elevated refuges, and its necessary counterpart 2) the controlled flapping descent (CFD),
which provides a means for them to return to the ground (Fig. 1, 2, 3). Juvenile precocial
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ground birds flap their wings from the day they hatch in order to decrease their rate of
descent and the effect is incremental: as the chicks mature and their wings and
musculature develop, they can affect their environment more and more until they achieve
full flight capabilities. We compare the juvenile kinematics of WAIR and CFD with the
data of adults performing WAIR and level flapping flight to explain locomotor
development.

Materials and Methods:
Our model organism for studying WAIR remains the chukar partridge (Alectoris
chukar) a precocial ground bird that is adept at several types of locomotion: (1) running
on the level, (2) flap-running up obstacles, and (3) aerial flight. Eggs were obtained from
a breeder then incubated (Hova-bator, GQF Manufacturing Co.) at 99.5° C for the 23-24
day incubation period. Once hatched the animals were housed in the indoor avian facility
of the University of Montana Flight Lab, and given food and water ad libitum. All
protocols were approved by the University of Montana Institutional Animal Care and Use
Committee (IACUC).

CFD Performance:
To track performance the birds (N = 15) were filmed as they descended from an
elevated position, starting the day after they hatched and continuing every other day until
they were capable of forward flapping flight (~20 days old). Runs from 3 individuals
were obtained each day of testing.
The birds were hand held and released from a height of 1.5 meters above the
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ground. Holding and releasing the birds by hand proved the most consistent method to
repeatedly promote a rapid aerial recovery and allow the birds to regain their balance and
perform an effective descent, as well as limiting the amount of forward or lateral motion
created by the birds pushing against the substrate with their legs. The birds landed on a
10 cm thick foam pad that prevented injuries. Birds 1 - 3 days old were released at a
height of 1 meter to assure their safety.
We used two types of free falling bodies as controls for this experiment: (1) a ball
bearing, and (2) a 20-day-old birds (N = 3) whose wings were secured with elastic
bandages to their sides in a natural position. Both controls were dropped from the same
height as the flapping juveniles and were digitized and analyzed using the same protocol.
The runs were filmed using a high speed digital video camera (Fastec inc.
Troubleshooter, 250fps, 1/ 1250 shutter speed). The center of mass (COM) was digitized
by estimating the point halfway between the keel (at the anterior end of the synsacrum)
and the rump (the midline synsacrum between acetabulae) (Earls 2000), using APAS
(Ariel Performance Systems) software. The raw positional data was used to determine
the acceleration coefficient and the velocity was calculated by fitting a quintic spline to
the raw data. The data was then exported to a spreadsheet (Excel, Microsoft corp.) for
analysis.

Data Analysis: The acceleration coefficient was determined by taking the raw
positional data of the COM in the vertical direction, starting with the point where the bird
was fully released, and ending at a point just before the bird touched the ground. The raw
data was fit with a second order polynomial according to the Newtonian equation for a
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falling object:

Yfinal = ½ At2 +Vt + Yinitial

where Y is the vertical position, V is the instantaneous vertical velocity, and A is the
acceleration coefficient. It is important to note that this acceleration coefficient is a
simplified estimate of what is occurring: the wings are actually imparting a non-constant
force and thus a non-constant acceleration. Nevertheless this simplification allows for a
useful comparative measure.
Horizontal motion was not taken into account because according to Newtonian
mechanics the vertical and horizontal kinetics are independent, and they have no effect on
each other. Runs in which the bird traveled forwards or backwards relative to the camera
were discarded in order to prevent the effect of parallax caused by using a single camera.

3-D Wing Kinematics of WAIR:
Three juvenile birds were run on a variably pitched runway covered with coarse
sandpaper (36-grit). During the first 14 days we recorded the trials on a small ramp with
the cameras positioned very closely to allow maximum resolution of the small wings.
After 14 days the birds outgrew the first ramp and trials continued on the same ramp used
for adults in order to stimulate full bouts of WAIR with multiple wingbeats. The birds
were filmed at the minimum angle that caused them to recruit their wings (60º for the
first day, 65º for all subsequent days). Filming continued until the birds reached the age
of 60 days and converged on adult performance. We analyzed a total of 192 wingbeats
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from 40 runs of 3 individuals.
Since our goal was to understand the kinematic and aerodynamic function of the
developing wings we attempted to mark the same anatomical landmarks used in the adult
trials (head, rump, shoulder, wrist, tip, 4th primary, secondary, root: see chapter 1).
However, due to the rapid growth and molt of these birds the wings were in a constant
state of flux (Dial et al. 2006), therefore instead of strictly adhering to the same features
used for the adults we attempted to preserve the functional locations of the markers: the
tip describes the most distal anterior projection of the wing, the 4th primary marker was
placed on the farthest distal posterior projection of the wing, the secondary marker was
located at the junction between the hand-wing and arm-wing, and the root was placed at
the farthest proximal posterior projection of the wing. These locations were marked until
the flight feathers became fully differentiated and we were able to use them as landmarks.
The same filming protocols and analysis described for the adults (chapter 1) and
calculated kinematic parameters following chapter 1 (wingbeat frequency, stroke
amplitude, angle of attack, wing angle, vertebral wing angle, stroke angle, vertebral
stroke angle, body angle, dynamic wing loading, and whole body velocity) were used for
the juveniles. In addition we calculated the hand-wing velocity as the velocity of the
midpoint between the wrist and the tip; the wing length, from shoulder to tip; the actuator
disk loading: the three dimensional area swept out by the leading edge of the wing
divided by the bird's mass; and the Reynolds number calculated by the equation:
Re =

Lwing × Freq
(Vbody + Vwing )

Where Lwing is the wing length, Freq is the wingbeat frequency, and Vbody and Vwing are
the velocities of the body and the wing, respectively (Norberg 1990).
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3-D Wing Kinematics of CFD:
In order to measure the wing kinematics during controlled flapping descents,
developing birds (N=3) were filmed daily from 5-10 days post-hatching, launching from
a 40cm elevated perch. The birds were placed on the perch and recorded when the
individuals descended to rejoin their siblings below. We chose this 5-10 day time period
because it spans the important ~8 day transition (Dial et al. 2006) when these birds gain
the ability to functionally use their wings but do not yet have the full ability to fly. After
the day ~20 transition, this descending behavior becomes irrelevant because the birds
have attained the ability to fly. Unlike the WAIR studies only two high speed digital
video cameras (Fastec inc. Troubleshooter, 250fps, 1/ 1250 shutter speed) were used
because there was no ramp to obscure the optimal camera placements and during this
time the flight feathers were still mostly underdeveloped (Dial et al., 2006) and thus the
wing-stroke simplified. We marked anatomical landmarks and analyzed the videos in the
same way as described for the WAIR trials.
When placed on platforms higher than 40 cm the juveniles were reluctant to
descend, constraining the height we could film birds locomoting under their own volition.
Even at the youngest ages birds completed the descent in less than three wingbeats (while
many of the older birds descended with a single wingbeat or without using their wings)
and therefore each run includes the body and wing posture at the time of take off, steady
descent, and landing- each of which are very different. Only runs where there were two
complete wingbeats between takeoff and landing were analyzed. During the course of
this experiment we decided to discard the initial wingbeat (Tobalske and Dial, 2000)
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because the body is pitched head downwards at ~-30° and this is not reflective of either
the descending wingbeats or flight.

Dynamic Calibration:
A rigid cardboard cutout shaped with the dimensions of a 1-day-old hatchling’s
wing was used to dynamically calibrate our filming and analysis setup (chapter 1). Our
average error was 6.62%, higher than the 4.10% error for the adult setup because the
wing is much smaller.

Results:
Performance during CFD:
From the day they hatch, juvenile precocial ground birds flap their wings to
descend from heights. If the flapping wings have a negligible effect on the air, we expect
the acceleration coefficient to be 9.81 m s-2 downwards, as illustrated by an object falling
solely under the influence of gravity. A ball bearing falls at 9.86 ± 0.01 m s-2 similar to
9.81 m s-2 as predicted. The whole body velocity (Fig. 2c) of a 1-day-old was no different
from a free-falling object, in spite of its flapping wings. In contrast, an 18-day-old bird
began its descent in free-fall, but then modulated its velocity with each wingbeat,
controlling its descent to safely alight on the ground.
The acceleration coefficient of birds 1-5 -days-old is slightly less than 9.81 m s-2
(1-day-old: 9.30 ± 0.09 m s-2; 3-day-old: 9.12 ± 0.19 m s-2; 5-day-old: 901 ± 0.09 m s-2),
and this decreases as the birds develop (8-day-old: 7.07 ± 0.30 m s-2; 18-day-old: 3.73 ±
0.17 m s-2; Fig. 2b). Birds between the ages of 1- 5 days accelerated at a rate of slightly
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less than gravity. This may be due to drag on the body as well as drag imparted by the
flapping wings. However, as the birds got older the acceleration coefficient decreased: as
they matured the birds produced more upwards acceleration to counteract the pull of
gravity. Older birds showed a higher variance in acceleration coefficient between ages
caused by a behavioral component. At these older ages the birds are capable of
preferentially choosing their optimal rate of descent, and this varied across individuals
and runs. When the 20 day old birds were dropped with their wings bound, they fell at
9.57 ± 0.02 m s-2. This demonstrates that even the 1-day-old birds flapping their incipient
wings, while probably creating more drag than lift, can slow themselves down more
effectively than an older bird with its wings bound. Once the wings gain the ability to
produce lift, the juveniles can very effectively adjust their downwards acceleration. This
rejects the null hypothesis that incipient wings do not have an aerodynamic function
during a flapping descent.

3-D Kinematics of WAIR and CFD:
Kinematic variables of both WAIR and CFD can be organized into two groups
based on how they change during ontogeny and their pattern of convergence to the adult
state (Fig. 4a,b). Variables in the first category (neuromuscular/behavioral) show rapid
convergence on the adult traits: they start very sloppy but by the time the bird is 8-days
old they operate at the adult level. The kinematics of the juveniles performing WAIR
mimic those of the adults performing WAIR, while the kinematics of the juveniles
descending mimic those of the adults flying. These variables are also characterized by an
initially high individual standard error which is quickly narrowed by day 8 and then
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slowly continues to be refined until reaching the adult state (Fig. 5a). Wing-beat
frequency, amplitude, wing angle, vertebral wing angle, stroke angle, vertebral stroke
angle, angle of attack, and body angle fall into this category. The second group consists
of variables that change as a function of growth, such as whole body velocity, wing
velocity, wing length, wing loading, actuator disk loading, and Reynolds number. These
variables are contingent upon the animal reaching a certain size and therefore they do not
converge on the adult state until well after flight is attained. The variance within
individuals of these parameters either increase (whole body velocity, wing velocity: Fig.
5b) or remain constant throughout the ontogeny (wing loading, actuator disk loading, and
Reynolds number).
We note three specific developmental stages observed from WAIR performance
trials (Fig. 1a- Dial et al., 2006) and our descending performance trials (Fig. 2). Stage I)
~1-8 days after hatching the juveniles flap their wings both going up and coming down,
but derive little or no performance benefit from them. At this age the wings consist of
little more than the patagium covered with downy feathers. When 1-day-old hatchlings
perform WAIR the flapping is mostly asymmetrical, with the wings touching, resting,
and pushing off the ground. The wings appear to function as crawling appendages
working against the substrate to allow functional quadrupedalism. The bird slides its
belly along the substrate, pulling itself upwards using its legs, and sometimes its wings.
The body angle is inclined into the substrate, reflecting the fact that the bird is dragging
itself up the ramp. The wingbeats may also function for balance during this time. By day
3 the juvenile begins to attain a more adult-like posture: the body does not drag along the
ramp but rather is kept at an angle similar to that of the adults. The juvenile birds begin

46

to use symmetrical wingbeats as well as asymmetrical wingbeats. The wings still touch,
balance against, and push off the ramp, however now these are inter-dispersed with
wingbeats that do not touch the ramp (Fig. 1b).
When descending during this stage the birds show little hesitation in launching off
the platform, however, although they are flapping, their wings have little effect. The
birds begin their descent with their body pitched steeply downwards (~-30). The flapping
is erratic and often asymmetrical. Throughout the descent the body rotates until it has a
positive angle. The landings at this age are rough, and the birds often hit their body or
head against the ground- however they quickly recovered and ran to the safety of their
waiting covey.
Stage II) 8~20 days after hatching the primary feathers have emerged and begun
to grow, concomitant with attaining the first components of vertical and horizontal flight
as well the ability to perform WAIR at angles steeper than 65º. By the start of this stage
the wings begin to have an effect in slowing the bird during descent. This is concomitant
with the emergence of the primary and secondary flight feathers. By this time all of the
WAIR wingbeats are stereotypical, fully symmetrical and very few if any touch the
substrate. When they do, they do not rest, balance, or push against it. During descent the
flapping is also completely symmetrical, and the birds demonstrate proficiency and
comfort in the takeoff, descent, and landing.
Stage III) ~20+ days after hatching the birds can be said to have attained true
flight, with the ability to fly over 1m vertically and 2m horizontally, as well as to perform
WAIR at 90º inclines or greater (Dial et al., 2006). At this age the descents become
completely controlled and the bird can willfully decide to descend or to engage in

47

sustained flight. At this stage the wing is a fully functional miniature version of the adult
wing, with all of the feathers in place and developed.

Discussion:
The most important results from these experiments are: (1) Juvenile precocial
ground birds flap their developing wings from the day they hatch. (2) Flapping is used to
assist the hind limbs in order to attain elevated refuges, and to descend safely from
heights. (3) Juvenile locomotor development can be grouped into three stages based on
their performance during both WAIR and CFD. (4) The wing kinematics of juveniles
employing WAIR and CFD compare to those of the adult respectively performing WAIR
and flying, but are initially awkward and clumsy, with a high variance. (5) Kinematic
variables can be organized into two groups based on developmental patterns, and the
combination of these result in the performance landmarks of aerodynamic use.
Neuromuscular/behaviorally regulated variables are attained by the beginning of stage II,
indicating that ability to control the wings and produce aerodynamic forces is reached
early. However, until growth dependent variables reach threshold levels (stage III) the
wing cannot produce the appropriate magnitudes of aerodynamic force to sustain flight or
extreme angles of WAIR.

The Ubiquity of Pre-flight Flapping and the Transition to Flight:
From the day they hatch juvenile precocial ground birds utilize their flapping
wings when confronted with a 3-dimensional environment. They use wing assisted
incline running to ascend obstacles and then use a controlled flapping descent to return to
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the ground. These results are important for two reasons. (1) They demonstrate the
incrementally adaptive use of an incipient wing. (2) They show that modern birds
undergoing a transitional period do not pass through an intermediate gliding stage, but
rather flap their wings from hatching. Although these behaviors are not functional during
the first stage of development, the fact that they occur is indicative of a flapping instinct
or reflex which is engrained from the early embryonic periods (Provine, 1984).
The ontogenetic development of precocial birds is separated into three stages,
which are readily noticeable based on performance data gathered during both WAIR and
CFD. There are two distinct pre-flight juvenile stages followed by a long period of
learning and development to reach full adult flight capabilities, demonstrating that flight
is not an “all or nothing” process. By examining the differences between and within
these stages we can understand how categories of kinematic parameters coalesce during
each stage to give the bird the ability to fly.

Neuromuscular/Behavioral vs. Growth Variables:
We have organized the types of variables into two distinct groups based on the
factors that drive their development. Neuromuscular/behavioral variables are
hypothetically driven by a combination of neural circuitry maturation, muscular
development, and/or practice. The neural mechanisms behind flapping are present before
the bird hatches (Provine, 1984), however it is clear that birds in stage I have not refined
the skills necessary to produce a stereotypical and functional wingbeat. All of these
variables show the same ontogenetic pattern of operating at the adult level by the
beginning of stage II.
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Growth dependent variables show two distinct ontogenetic patterns. Whole body
velocity, hand-wing velocity, and wing length increase throughout development- as
predicted by standard growth curves. The Reynolds number, being a function of velocity
and length, also increases in this pattern. Dynamic wing loading and actuator disk
loading both reveal allometric patterns of change: they begin at very high values and
decrease throughout stage I. At the beginning of stage II they are at their lowest, after
which they begin to increase slightly until adulthood. Dial et al. (2006) reported a similar
pattern for the static wing loading (which includes the surface area of the tail) from Stage
II to adulthood. They suggested that a lower wing loading may be helpful in take-offs
and landings at these early ages.
The performance differences between stage I and II are correlated with (1) the
attainment of the neuromuscular/behavioral kinematics, and (2) the rapid decrease of
dynamic wing loading and actuator disk loading to values lower than those of the adults.
The performance differences between stage II and III are correlated with an increase in
the flow over the wings resulting from higher body and wing velocities.

Aerodynamic Function:
We have previously shown how the adult wing kinematics combine to produce
useful aerodynamic forces during WAIR (chapter 1), and now we can use those
measurements to infer the aerodynamic capabilities of developing juvenile wings. From
aerodynamic theory the magnitude of the aerodynamic forces produced can be estimated
by the angle of attack and the wing velocity (Norberg 1990). The juveniles attain the
adult angle of attack and the wing velocity at the beginning of stage II. However, the
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magnitude of the aerodynamic forces produced is contingent upon attaining enough
absolute air velocity over the wings, therefore although the wingbeat frequency quickly
reaches adult parameters, the absolute velocity is also dependent on the length of the
wing. The direction of the aerodynamic forces produced is based on the stroke angle
relative to the ground (Pennycuick 1975, Norberg 1990, Hedrick 2002). This is attained
at the beginning of stage II. During stage I all of these variables have a wide variance
and pass through the functional aerodynamic ranges, however any resultant force
produced is not sustained.
The Reynolds number starts very low (~600) for the 1-day old hatchlings and
increases steadily until it reaches the adult state (WAIR: 12,000; flight: 18,000). Since
the wingbeat frequency is attained by the beginning of stage II, the Reynolds number in
juveniles is maintained at such a low level by their low wing velocity and wing length- all
variables which are growth dependent. Although the body velocity has an important
effect on the Reynolds number, it is not significant when comparing juveniles descending
and performing WAIR. While even the youngest juveniles are still operating in the
inertia-dominated flow regime (Vogel, 1994) it is clear that there is a dramatic difference
between the flow regimes acting on the juveniles and the adults. These results suggest
that juvenile wing has the ability to produce aerodynamic functions from an early age,
even if these functions are not as regular, repeated or strong as they have to be to sustain
a bird in flight.

Conclusions:
Even during their pre-flight stages, juvenile precocial ground birds have an
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arsenal of locomotor behaviors that they can use to negotiate their 3-dimensional,
terrestrial environment in an attempt to survive to adulthood. The attainment of flight
occurs as punctuated events, before being refined to the adult capabilities (Dial et al.,
2006). In order to survive this pre-flight age, juveniles negotiate their complex
environment by taking advantage of the incremental abilities conferred by their incipient
wings. WAIR and CFD are utilized not only during the pre-flight stages, but also
throughout the developmental period when the bird is refining and improving its flight
capabilities, and even during adulthood. These behaviors illustrate the incrementally
adaptive uses of the ontogenetically developing wing and may be reflective of functional
transitions during the evolutionary development of avian flight.
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Figure Legends:
Fig. 1a) The maximum incline angles that can be ascended by juveniles of different ages
using wing assisted incline running, from Dial et al. 2006. Juvenile locomotor
performance can be grouped into three stages. Stage I) the juveniles flap their wings
while performing WAIR but the steepest angles they can accomplish are angles that older
birds can ascend without using their wings. Stage II) Juveniles attain the rudimentary
elements of horizontal and descending flight, and the angles they can ascend using WAIR
increase. Stage III) Juveniles can engage in bouts of horizontal and vertical flight as well
as ascend inclines of greater than 90º.

Fig. 1b) During stage I juvenile birds transition from using wing-beats that are
asymmetric and touch the ground to symmetrical flapping that can be employed for
WAIR. At the beginning of stage III juveniles attain the ability to fly. The drawings of
the birds are scaled by distance from head to rump.

Fig. 2a) Juvenile precocial ground birds flap their wings to descend from heights.

Fig. 2b) The acceleration coefficient of descending juveniles decreases as juveniles
develop. During stage I the flapping has little effect, but starting at stage II there is a
noticeable decrease in acceleration. For comparison a ball bearing (dotted line) and a
juvenile with bound wings are presented.

Fig. 2c) A 1-day-old bird (black line) flaps asymmetrically while descending and its
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velocity increases linearly. An 18-day-old bird modulates it’s descending velocity with
symmetrical wing-beats.

Fig. 3) Juvenile precocial ground birds utilize their flapping wings to negotiate their 3dimensional, terrestrial environment: complementing the legs while ascending to attain
elevated refuges, and to descend from heights to safely return to the ground.

Fig. 4) Kinematic variables can be organized into two groups based on how they change
during ontogeny. A) Neuromuscular-behavioral variables. During stage I these variables
have a high variability and no pattern. By stage II they have reached the adult levels.
When these variables function at the adult level the bird has begun stage II and gained the
rudimentary components of flight. B) Growth variables. These variables are dependent
on size and proportions and therefore do not reach the adult levels until after day 60 posthatching. Although the dynamic wing loading and actuator disk loading are dependent
on mass and wing length they do not follow this trend. When the growth variables reach
a certain level the bird passes into stage III and gains the ability to fly and accomplish
steep angles of WAIR.

Fig. 5a) The average standard error within individuals decreases in neuromuscularbehavioral variables, demonstrating an increased proficiency. In comparison, several
growth variables (e.g. wing velocity, body velocity) show an increasing standard error,
signifying a behavioral choice to increase or decrease their velocity.
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